The semi-organic non linear optical single crystal of L-proline cadmium chloride monohydrate was successfully synthesized and the single crystal was grown by a slow evaporation solution growth technique, using double distilled water as the solvent. The lattice dimensions of the grown crystal were examined by powder X-ray diffraction and it was found to belong to the orthorhombic crystal system with a noncentrosymmetric space group. Its crystallinity was assessed by a high resolution X-ray diffraction method and its structural imperfections were recorded using X-ray topography. The presence of functional groups was identified from heteronuclear correlation methods. Its optical behavior was examined by birefringence and photoluminescence and its optical constants were determined from UV-Vis. analysis. Its thermal and third order nonlinear optical properties were characterised by photopyroelectric and Z-scan methods, respectively. The mechanical and ferroelectric behavior was also assessed on the grown single crystal of L-proline cadmium chloride monohydrate.
Introduction
Recently, non linear optics has become one of the most attractive areas for researchers, as it shows excellent applications for device fabrication in different fields of research. [1] [2] [3] [4] Even though many materials have nonlinear optical behavior, amino acids have the maximum possibility of showing non linear optical properties. In the present work, we report the growth and analysis of semiorganic L-proline cadmium chloride monohydrate (L-PCCM) single crystal. The above material has a high non-linearity, high resistance to laser induced damage, low angular sensitivity and increased mechanical hardness. In general, amino acids act as both an acceptor and donor i.e. through proton donating carboxyl (-COOH) and proton accepting amino (-NH 2 ) groups. 5, 6 The title compound was grown by a slow evaporation solution growth (SEST) technique at room temperature. It crystallizes in the noncentrosymmetric space group of P2 1 2 1 2 1 and its detailed bond lengths and bond distances have already been reported. 7 It is an excellent non-linear optical material, whose second harmonic generation (SHG) efficiency is twice that of potassium dihydrogen phosphate (KDP). 8 Even though few reports are available on the title compound, there is no report available on the X-ray topography, HETCOR, photoluminescence, Z-scan or photopyroelectric measurements which are the crucial parameters for making optical related devices and the observed results were discussed in detail.
Experimental

Synthesis and crystal growth
The commercially available L-proline and cadmium chloride monohydrate were obtained and their purities were improved by repeated recrystallization processes. The purified salt was taken in a 1 : 1 stoichiometric ratio and the synthesis was carried out by a conventional chemical reaction as shown below using double distilled water as the solvent.
CdCl 2 ·H 2 O + C 5 H 9 NO 2 → Cd(C 5 H 9 NO 2 )Cl 2 ·H 2 O
The prepared solution was then filtered using Whatmann filter paper so that all the left impurities could be removed. The filtered solution was housed in a constant temperature bath (CTB) at 31°C and monitored carefully. After a span of 30-35 days, good quality single crystals were harvested from the mother solution shown in Fig. 1 . The grown specimen was cut and polished and then subjected to different characterization analyses.
Characterization
Powder X-ray diffraction
The grown single crystals of L-PCCM were crushed into a fine powder using an agate mortar in order to determine the lattice dimensions. The powdered sample was then subjected to a Bruker D8 Advance X-ray diffractometer with CuK α radiation (~1.54 Å) and a scan speed of 0.1°min −1 over a 2θ range of 10°to 80°. The recorded X-ray diffraction pattern is shown in Fig. 2 . The observed 2θ values were used to calculate the lattice dimensions using chekcell software. The calculated lattice parameters are a = 9.9989 Å, b = 13.5310 Å, c = 7.2890 Å, α = β = γ = 90°, which is good in agreement with the reported literature. 7, 8 Its polarizability and plasma energy have been calculated by taking into account its molecular weight (316.45 g mol −1 ) and its total number of valence electrons (Z = 80). The density (ρ) of the title compound is 2.13 g cm −3 and the dielectric constant (ε ∞ ) at 1 MHz was found to be 20. 9 The calculations were performed in the same manner as in the reported literature. 10 The valence electron plasma energy ħω P is given by
where Z is the total number of valence electrons, ρ is the density and M is the molecular weight of the L-PCCM crystal. The plasma energy in terms of Penn gap and Fermi gap in eV is given as
and
The polarizability, α, from the Penn gap analysis is given by 
where S o is the constant for a particular material and is given by
The value of polarizability α is also be confirmed by using the Clausius-Mossotti relation, which is given as
The parameters which were calculated by using the above relations are given in Table 1 .
High resolution X-ray diffraction (HRXRD) analysis
In this study, the defect free transparent single crystal of L-PCCM was characterized by HRXRD using a Rigaku double crystal X-ray diffractometer employing a 12 kW rotating anode X-ray generator. A (111) Si monochromator of 125 mm in diameter was aligned to the (333) reflection and highly monochromatic CuKα 1 radiation was obtained. X-rays from the Cu target were highly collimated using a 1.25 m vacuum collimator. A nearly perfect Si crystal aligned to the (440) reflection was used as the monochromator and the L-PCCM crystal as the second crystal in a (+n, −m) configuration. The detailed experimental setup was reported elsewhere. 11, 12 Before recording the diffraction curve and to remove the noncrystallized solute atoms remaining on the surface, lapping was performed using a non-preferential etchant of a water and acetone mixture in a 1 : 2 ratio. Fig. 3(a) shows the (440) rocking curve of the L-PCCM single crystal. The full width at half maxima (FWHM) is~35 arcsec, which indicates that the crystal has good crystallinity. The topograph of the L-PCCM crystal was recorded at a distance of 80 mm from the crystal. The uniform intensity of the topograph confirms that the crystal is good and can be used for optical related devices (shown in Fig. 3(b) ).
Fourier transform infrared (FTIR) and RAMAN analyses
The presence of functional groups were identified from FTIR analysis using the KBr pellet technique. The recorded spectrum is shown in Fig. 4 . The peak appearing at 3487 cm , respectively.
The Raman spectrum of L-PCCM is shown in Fig. 5 and the observed peaks were assigned with the help of literature. 9 was assigned to out-of-plane γ (COO − ). The three peaks 3.4. Determination of dipole moment, static polarizability, and first order hyperpolarizability NLO techniques are considered as among the most structure sensitive methods to study molecular structures. 16 Since the potential of organic materials for NLO devices has been proven, NLO properties of many of these compounds have been investigated by both experimental and theoretical methods. 17, 18 Quantum chemical calculations have been shown to be useful in the description of the relationship between the electronic structure of systems and their NLO response. 19 The computational approach allows the determination of molecular NLO properties and is an inexpensive way to design molecules by analyzing their potential before synthesis and to determine high order hyperpolarizability tensors of molecules. The simplest polarizability (α) characterizes the ability of an electric field to distort the electronic distribution of a molecule. The first hyperpolarizability (β) of this novel molecular system, and the related properties (β, α 0 and Δα) were calculated based on the finite-field approach. In the presence of an applied electric field, the energy of a system is a function of the electric field. Polarizability and hyperpolarizability characterize the response of a system in an applied electric field. 18 They determine not only the strength of molecular interactions (long-range interaction, dispersion force, etc.) and the cross sections of different scattering and collision processes but also the NLO properties of the system. 20, 21 The first hyperpolarizability is a third rank tensor that can be described by a 3 × 3 × 3 matrix. The 27 components of the 3D matrix can be reduced to 10 components due to the Kleinman symmetry, 22 and can be given in the lower tetrahedral format. It is obvious that the lower part of the 3 × 3 × 3 matrices is tetrahedral. The components of which are defined as the coefficients in the Taylor series, with expansion of the energy in the external electric field. When the external electric field is weak and homogeneous, this expansion becomes:
Where E 0 is the energy of the unperturbed molecules F α is the field at the origin, μ α , α αβ and β αβγ are the components of the dipole moment, polarizability and the first hyperpolarizabilities, respectively. The total static dipole moment μ, the mean polarizability α, the anisotropy of the polarizability Δα, and the mean first hyperpolarizability β, are defined as follows using the x, y, z components:
L-Proline cadmium chloride has a large dipole moment Table 2 , and a stronger dipole moment of L-proline cadmium chloride (for the calculation of DFT, we have taken Cd(C 5 H 9 NO 2 )Cl 2 as the molecular formula) leads to increased polarity. The different charge distributions result in completely different orientations of the (calculated) dipole moments. In Table 2 , the results of the electronic dipole moment polarizabilities (α and Δα) and the first hyperpolarizability (β) are listed. 
The dipole polarizability indirectly provides a measure of the extent of distortion of the electron density, and hence the response of the system under the effect of an external static electric field. As shown in Table 2 
Birefringence and Z scan measurement analyses
The crystal was cut and polished to get a plate perpendicular to the (440) crystallographic axis. The polished plate was placed in a birefringence interferometer for measuring the variation in birefringence across the sample cross-section and per unit thickness. The birefringence interferogram obtained for the L-PCCM crystal plate of dimensions 4.12 × 8.0 × 1.76 mm 3 is shown in Fig. 6 . The principle and optical schematics of birefringence interferometry has been described by Verma & Shlichta. 23 The interferogram does not have any fringe in the entire cross section of the sample. This signifies that there is no appreciable variation in the birefringence of the crystal sample, and hence good optical homogeneity of the crystal. The dark patches in the top portion could be attributed to strain field in that region.
By using the open aperture Z-scan technique one can measure the third order non linearity of an L-PCCM single crystal. The polished sample is loaded to a computer controlled translation stage which moves along the Z-direction with respect to the incident laser beam. 24 In this technique a Q-switched Nd:YAG laser of wavelength 532 nm is used to record the Z-scan curve Fig. 7(a) . The optical limiting curve (transmission vs. input intensity) calculated from the Z-scan curve is shown in Fig. 7(b) . The solid lines in the figures are theoretical fits to the experimental data following the nonlinear transmission equation. 25 The numerically calcu- 
Calculation of optical constant
UV-Vis analysis was performed for the grown crystal which was recorded within the wavelength range of 200 nm to 900 nm. The thickness of the crystal was 1.76 mm. The transmission edge was observed at 225 nm. The grown crystal had high transmission in the whole visible region. The various optical constants such as absorption coefficient, extinction coefficient, reflectance etc. were calculated by following the reported literature. 12, 26 The value of the absorption coefficient was obtained from the transmission data recorded by UV-Vis spectroscopy and is calculated by using
where t is the thickness of the sample. The optical band gap can be calculated from the absorption coefficient and transmission spectrum, the optical band gap is given from the Tauc relation as
where A is a constant, E g is the optical band gap and ν is the incident frequency. Plotting a graph of (αhν) 2 vs. hν, the intercept between the straight line and the curve results in the value of the energy band gap. The value of the band gap energy is 5.988 eV. The extinction coefficient is obtained from the equation given as
The reflectance is obtained from the absorption coefficient and is calculated by the equation 
The refractive index is evaluated from reflectance using the given equation
and the value of the refractive index (n) is 2.7130 at 900 nm. The electrical susceptibility χ c is obtained by using the relation given below as
where ε o is the dielectric constant in the absence of free charge carriers. From this relation, the value of electrical susceptibility is 0.37595 at 900 nm. The real part of the susceptibility is given as ε r = n 2 -K 2 and imaginary part is ε i = 2nk
and their values at 900 nm are 4.7219 and 0.002284, respectively.
Measurement of laser damage threshold and thermal parameters
Most nonlinear optical single crystals are used as laser sources. So, it is mandatory to determine their laser damage threshold at different laser powers. Laser damage threshold analysis was carried out using a Nd:YAG laser having a wavelength of 1064 nm. 27 The observed values of the laser damage threshold after a single shot and multiple shots are given in Table 3 . From these analyses we understood that the single shot laser damage is higher than that of multiple shot damage threshold. From the above discussions we can understand that the material with a higher specific heat is more resistant to laser damage. This value is in tune with the observed specific heat which is given below. The higher value of LDT is useful for frequency conversion in laser devices. In this study, the photopyroelectric (PPE) thermal wave technique was performed to measure different thermal transport properties of single crystals such as thermal diffusivity (α), thermal conductivity (k), thermal effusivity (e) and heat capacity (c p ). These parameters are critical for a nonlinear optical crystal for its use in fabricating devices because the optical damage threshold of a crystal is determined by its thermal conductivity and specific heat capacity, which determine the heat dissipation capability of the material. The thermal parameters which were determined from the above technique are given in Table 4 .
Photoluminescence
In order to know the luminescent behavior of the L-PCCM single crystal, a PL spectrum was recorded using an Edinburg luminescence spectrometer (model: F900) under ambient conditions. The recorded spectrum is shown in Fig. 8 . This analysis will give important information about the absorption and emission of light. The emission spectrum corresponded to an excitation wavelength of 314 nm. From the figure, one can see that the peak at 475 nm suggests that the material is a good candidate for blue light emission and has less defects. These results are in tune with the recorded HRXRD measurements. 
Piezoelectric and ferroelectric measurements
The piezoelectric measurements for the L-proline cadmium chloride single crystal were carried out by using a PM-200 piezometer system with a frequency of 110 Hz and a dynamic force of 0.25 N at ambient conditions. The polished surface of (440) was chosen and then coated by silver paste in a thickness of~0.9 mm to make proper electrical contacts. The specimen was placed between the probes, and then a force was gently applied. The observed value of d 33 is 0.7 pC N −1 .
The ferroelectric behavior of the samples was assessed by a ferroelectric loop tracer (make: Marine India). The defect free single crystal which was grown in (440) was taken, and then coated with silver paste on both sides, which acted as an electrode. The area of the electrode was 60.48 mm 2 and the thickness of the sample was 4.14 mm. Then the sample was placed in the holder and an electric field was applied. A graph was then plotted between polarization and electric field and is shown in Fig. 9 . From the measurements we have come to the conclusion that the title compound has a paraelectric nature.
Phase matching studies
The title compound's second harmonic behavior was confirmed by a Kurtz powder technique by adopting a Q-switched Nd:YAG laser (wavelength 1064 nm) having an input energy beam of 4.7 mJ per pulse. The powdered sample of L-PCCM with different particle sizes ranging from 25 μm to 125 μm was analyzed. In the present study, KDP (potassium dihydrogen orthophosphate) was taken as a reference. The different size specimens were placed in a thin glass capillary with a diameter of 1 mm. We observed noticeable changes in the output power of the specimen. Its SHG value increased with an increase in particle size. After 100 microns, it almost attained saturation (as shown in Fig. 10 ). This confirms the phase matching behavior of the specimen.
Conclusions
A good quality single crystal of L-proline cadmium chloride was grown by a slow evaporation solution growth technique using double distilled water as the solvent. The grown single crystal was subjected to different characterization analyses in order to find its suitability for device fabrications. Its lattice View Article Online dimensions and its crystallinity were examined by powder X-ray and high resolution X-ray diffraction techniques. Its functional groups were identified by FTIR, RAMAN and NMR analyses. Its optical properties were assessed by PL and birefringence measurements. Its high value of specific heat shows the title compound is highly resistant to laser induced damage. Its third order nonlinear properties have been determined by a Z-scan technique.
